We study the observed evolution of galaxy clustering as a function of redshift. We find that the clustering of galaxies, parameterized by the amplitude of fluctuations in the distribution of galaxies at a co-moving scale of 8h −1 Mpc, decreases as we go from observations of the local Universe to z ∼ > 2. On the other hand, clustering of the Lyman break galaxies at z ∼ 3 is very strong, comparable to the clustering of present day galaxies. Although different galaxy surveys select populations that are biased with respect to each other and have different amplitudes of clustering, the evolution of amplitude at low redshifts is the same for all the datasets. We contrast the observed galaxy clustering with simple models of evolution of clustering. We propose a modelindependent test that can be used to place a lower limit on the density parameter Ω. We show that the present observations do not provide a strong constraint because of the large uncertainties but clear distinctions will be possible when larger datasets from surveys in progress become available.
INTRODUCTION
It is believed that structures like galaxies and clusters of galaxies formed by accretion of matter onto small inhomogeneities present in the early Universe. In the past, it was assumed that the distribution of galaxies is directly related to the underlying density distribution and the two distributions evolve in a similar manner. This has provided a key motivation for redshift surveys of galaxies. However, several studies in the last few years have shown that the relation between galaxy clustering and that of underlying matter is not as simple as originally assumed and this relation is, in general, a function of time (Brainerd and Villemsen 1994; Fry 1996; Mo and White 1996; Bagla 1998; Dekel and Lahav 1998; Tegmark and Peebles 1998; Narayanan, Berlind and Weinberg 1998; Blanton et al. 1998; Colín et al. 1998; Baugh et al 1998; Kauffmann et al 1998) . These studies deal with the evolution of halo or galaxy clustering, and many factors like observational selection functions and evolution of stellar populations in galaxies have to be taken into account before applying these results to real observations. Some comparisons of models and observations have been carried out (Matarrese et al. 1997; Moscardini et al. 1998) where a large class of models were compared with the available observations. In this paper, we present a compilation of more data, but conclude that larger high redshift surveys are needed to provide definitive results.
In the following discussion we present some arguments to outline the expected evolution of galaxy clustering in various scenarios ( §2). We also describe the analytical models for evolution of bias in this section. Observations are presented in §3, followed by the discussion ( §4).
MODELS
In this section we will outline different models for the evolution of clustering. First, however, we would like to present some simple scenarios in order to understand the different factors at a qualitative level. The main aim of this discussion is to bring together the notions and notations used by observers and theorists.
We start with the theoretical considerations. Models of halo clustering (Mo and White 1996; Bagla 1998) suggest that more massive halos cluster more strongly than halos of lower mass. This follows from the simple model for biasing (Kaiser 1984) in which rare objects cluster more strongly than the more typical objects. If, as observations suggest, the luminosity of a galaxy increases monotonically with the mass of the halo in which it resides, then we expect brighter galaxies to cluster more strongly than fainter galaxies
The same argument also suggests that amongst halos of a given mass, older halos cluster more strongly. If the gravitational clock is synchronised with the stellar clock then we expect early type galaxies to cluster more strongly than the late type galaxies. This is seen in simulations (Blanton et al. 1998 ) that include simple recipes for star formation.
For the evolution of halo clustering, then a common conclusion of all the theoretical studies is that the rate of evolution of halo clustering, D halo (t), is always slower than the rate of evolution of clustering in dark matter Dm(t), so thatḊ halo (t) ≤Ḋm(t), where the dot represents differentiation with respect to time. These rates are equal only in the limit where all the matter has collapsed into halos. Now we turn to a brief discussion of effects that influence the observed evolution of galaxy clustering. Consider a Universe in which the galaxies do not evolve: neither in their stellar content, nor in their distribution in space. So the clustering is fixed in comoving space and galaxies at all redshifts are similar to the ones we see in the local Universe. What will be the observed amplitude of clustering at different redshifts, if we conduct a magnitude limited redshift survey in such a Universe? As nothing is changing as far as galaxies are concerned, the only differences are given by observational selection effects. There are at least two of these: Malmquist bias and K-correction. Let us examine the effect of these two factors separately.
In an apparent magnitude limited survey, we will only see brighter galaxies at high redshifts whereas at lower redshifts we will also see fainter galaxies. In the local Universe, brighter galaxies tend to cluster more strongly than fainter galaxies (Park et al. 1994; Loveday et al. 1995) . Thus the effect of Malmquist bias in our imaginary survey will lead to an increase in the amplitude of clustering with redshift. Therefore, in a magnitude limited sample, the observed clustering amplitude will always exceed the true clustering amplitude of all galaxies at that redshift. This effect can be corrected for by using an absolute magnitude threshold instead of apparent magnitude. However, such a correction depends explicitly on the assumed values of cosmological parameters. In a real survey the absolute magnitudes of galaxies also evolve, so this would require a further correction
The effect of K-correction depends strongly on the wave-band used to define the sample. For example, if observations are carried out in the B band then the correction will differ significantly for different types of galaxies and we will end up with a very different mix of galaxies at higher redshifts. For selection in the optical wave-band, we will, in general tend to pick fewer early type galaxies as we go to higher redshifts. Galaxies of different morphological types have different clustering amplitudes (e.g Loveday et al. 1995; Hermit et al. 1996; Guzzo et al. 1997; Tegmark & Bromley 1998) : early type galaxies cluster more strongly than late type galaxies. Thus for a sample defined in the optical, we will generally tend to underestimate the correlation amplitude at high redshifts. If the K-correction is largely independent of the galaxy type in the redshift range of the survey then this effect becomes less important. Hence the problem becomes progressively smaller if we use near infrared wavelengths to define the sample. This problem can be bypassed by using a fixed rest-frame bandpass to define the sample, but this sill does not take into account the spectral evolution of galaxies.
In the real Universe, all galaxies tend to get bluer at higher redshifts, because of stellar evolution, and so the differences between different types of galaxies become smaller. This means that the effect of K-correction induced error will be smaller in the real Universe as compared to our imaginary Universe.
We note that The Malmquist-bias and K-correction issues are in principle relatively simple to correct. If one has a specific detailed model (e.g. by using the semi-analytic approach; (Kauffmann et al 1998; Baugh et al 1998; Somerville & Primack 1998) ), then these selection effects can be convolved with the model, hence direct comparison can be made with the observations. In order to keep the discussion simple and independent of model parameters, we will not use this approach here.
Apart from these two effects, there are other parameters which affect observed galaxy clustering such as surface brightness. We will ignore these effects in the present discussion.
Evolution of Bias
Most theoretical models for evolution of galaxy clustering identify them with dark matter halos. Here we will describe a few models for evolution of halo bias and a derived model for evolution of galaxy clustering.
We define bias as b(z) ≡ σ8,g(z)/σ8,m(z), where σ8 is the r.m.s. density fluctuation at 8h −1 Mpc. Here subscripts g and m denote galaxies and total underlying mass, respectively. We compute σ8,m(z) from a theoretical model, the variation with redshift is assumed to be the same as the linear rate of growth D(z). The difference between the linear and the non-linear σ8,m(z) is less than 10% for CDM models, much less than other uncertainties we have to contend with and so we will use the linearly extrapolated value for this quantity. The rms fluctuations of halo distribution is computed using
(D(z = 0) = 1 by definition) with b(z) being the theoretical bias for haloes. We will ignore variations of bias with scale as these are generally small and are limited to smaller scales. Also, within a given survey the measurements are at similar scales through the redshift range and the scale dependence will effect us only while comparing different surveys. With the notation in place, we can now proceed with the discussion of models for bias evolution.
• No Evolution (B0) : In this model bias does not change with redshift and remains constant at its present value. This assumption does not have any physical basis and this model serves only as a reference. The bias is defined as
where all quantities are evaluated at z = 0. As the halo correlation function evolves at a slower rate than the dark matter one, we expect bias to be higher at high redshifts than at present. Therefore this model should underestimate σ8,g(z) at high z.
• Test particle Bias (B1) : This model does not assume anything about the origin of halos, or about their initial distribution. Here test particles are distributed through the Universe such that their density contrast is proportional to the density contrast of the total underlying mass. This model then describes the evolution of bias for these test particles by assuming that they follow the cosmic flow. It can be shown (Nusser and Davis 1994; Fry 1996; Tegmark and Peebles 1998) that bias for the test particles evolves as
Here b0 is the bias for the set of halos/test particles at present epoch. This bias does not depend on the mass of halos. This model works well in the range 0 ≥ z ≥ 1 for CDM like models (Bagla 1998) if the halo distribution is biased. The predicted variation for anti-biased halos is not seen in simulations simply because the basic premise of inert, indestructible halos is not correct. This model is also called the galaxy conserving model (Matarrese et al. 1997 ).
• Merging Model (B2) : This model (Matarrese et al. 1997 ) for evolution of bias for galaxies is based on a model for bias of halos by Mo and White (1996) , which was in turn computed, at a statistical level, from the formalism of Press and Schechter (1974) . Here the effective bias is computed for all halos with mass above a certain threshold Mmin. The minimum mass is computed by normalizing the effective bias at z = 0 to the observed bias. The generic expression for bias is
where the parameters b eff 0 and β depend on the choice of Mmin and the background cosmology. As in the model of Mo and White (1996) , there is also some dependence on the formation redshift of halos.
In the present study, we decided to leave Mmin as a free parameter (ranging 10 10 M⊙ ≤ Mmin ≤ 10 13 M⊙) so as to allow the objects under consideration to be either transient or to have changed their properties with time (c.f. transient model (Matarrese et al. 1997) ), so to keep the discussion on a more general level.
As already stated, both the values of b eff 0 and β and the values of σ8,m (and therefore of b0 through equation 2) are determined by the choice of the cosmological and structure formation models. In what follows we will consider three combinations, namely The normalization of σ8, m for each power spectrum is chosen to match the four year COBE DMR observations (Bunn and White 1997) . The values of the parameters b eff 0 and β in equation (4) as functions of different cosmologies and different halo masses are taken from Matarrese et al. (1997) and Moscardini et al.(1998) . However, much of the discussion is independent of the specific normalisation or the shape of the dark matter power spectrum.
We note that biasing is likely to be non-linear, nonlocal, scale-dependent, type-dependent and stochastic (e.g. Dekel & Lahav 1998; Tegmark & Peebles 1998; Blanton et al. 1998 ; Narayanan, Berlind and Weinberg 1998), much more complicated than described by models discussed here.
OBSERVATIONS
In this section we will put together the observations of galaxy clustering from different surveys and compare them with the predictions of theoretical models. In what follows we assume that the correlation function has a power law form at the relevant scales, and hence the index γ and the correlation length r0 are sufficient to describe it at a given redshift. Most observers quote these numbers and in cases where these were given in proper coordinates, we converted these to the corresponding comoving scales. To transform results between different cosmologies, we use the following expression
This equation is derived by requiring that the angular correlation function of a set of galaxies between redshift z and z + ∆z is the same in different cosmologies. If ∆z is small enough for us to assume a constant N (z) then the relativistic Limber equation (Peebles 1980 ) leads us to equation 5 for a power law correlation function. The relative expressions for the comoving coordinate x and functions P and F for different geometries are given in Appendix 1 (see also Maddox, 1998b, Treyer and .
To compare different datasets, we will use the rms fluctuations in the galaxy distribution at the scale of 8h −1 Mpc, σ8 ⋆ . We relate σ8 to the other two parameters as (Peebles 1980 )
The list of surveys from which the data points have been taken is given in table 1, alongwith detailed information about the relevant parameters of each survey. These parameters include the median redshift < z > of the survey, the number of galaxies NGAL in each survey (note that for the CNOC2 survey this number is expressed in h 3 Mpc −3 units), the angular coverage and the selection band.
• Stromlo-APM survey (Loveday et al. 1995) .
• IRAS survey (Saunders et al. 1992 ).
• Las Campanas survey (Huan et al. 1996) .
• CFRS (Le Fevre et al. 1996) .
• HDF1 (Connolly, Szalay & Brummer,1998) .
• HDF2 (Magliocchetti & Maddox, 1998b) .
• Keck K band ).
• CNOC2 (Carlberg et al. 1998 ).
• LBG1 .
• LBG2 .
The data for the three cosmologies are given in table 1. Figure 1 shows the data from all the surveys listed above for the Einstein-deSitter Universe. The thick line shows the ⋆ If the correlation function does not have a power law form then the extrapolated value will depend, to some extent, on the scales at which the amplitude of correlation function is measured. This in turn may depend on the angular extent of the survey. linear rate of growth for dark matter. It is clear that within any given survey, the amplitude of fluctuations does not fall as rapidly as the linear rate. This is encouraging because according to the arguments outlined in the introduction, the observed rate of evolution should always be smaller than the rate of evolution of mass. The dashed curves show evolution as predicted by the test particle model, the two curves are anchored to the APM and the IRAS observations at z = 0. The dotted curves show the evolution of bias in the merging model for 10 11 , 10 12 and 10 13 M⊙ from bottom upwards. There are two different points for Lyman break galaxies (LBG) at z = 3. These correspond to two different subsamples -one with observed redshifts that can generally be described as the brighter sample, and the other with photometric redshifts. In the first case the amplitude of fluctuations is determined by counts-in-cells ) and in the other case it is arrived at through the angular correlation function ). The higher point corresponds to the sample with redshifts.
The basic pattern followed by the amplitude of clustering, is that at low redshifts, σ8 decreases with increasing redshift, reaches a minima around z = 2 and then rises again at higher redshifts. This type of variation has been seen for dark matter halos in N-Body simulations (see e.g Jenkins et al. 1998 ), but given the observational complications discussed earlier, these simulations cannot be directly compared to the observational data. datasets? (2) Is it possible to scale different datasets to make a self-consistent dataset, and then study evolution within that superset? (3) Can we constrain any of the models using this data?
There are significant differences between the amplitude of clustering in different surveys even where they sample the same redshift intervals. To some extent these difference are intrinsic because different surveys sample different types of galaxies. Some differences are introduced by the extent to which the luminosity function is probed, i.e. in one survey the limiting magnitude may allow one to probe galaxies much fainter than L * galaxies and in another case the limiting magnitude may be comparable to L * . Further differences can be introduced if the galaxy correlation function is not a true power law in the range of scales defined by the scale of measurement and 8h −1 Mac. Though it is fairly clear from theoretical studies that bias is a function of scale (e.g. Blanton et al., 1998) , we make the simplifying assumption that bias does not depend on scale.
Can we "scale" different surveys to construct one master database? Empirical scaling has been used to match different surveys and estimate the overall shape of the power spectrum (Peacock 1997) , but if we arbitrarily rescale each survey we loose information for testing evolution. In principle we can use local surveys to estimate the expected variations between different galaxy populations, and hence calculate a correction factor for each survey. This approach will be investigated in a future paper.
Within a single survey the systematic changes in galaxy population as a function of redshift is likely to be smaller than when comparing different surveys. Therefore we have estimated the rate of evolution within each survey, and compared this between different surveys. To parameterize evolution, we used the linear rate of growth for density perturbations as a function of cosmological parameters. Figure 2 shows the best fit values for the rate of evolution of σ8,g in terms of the density parameter, and also shows the 68% confidence limits as thick lines. Here we assumed an open Universe with Λ = 0 and observations were transformed to the relevant cosmology before fitting the function. We have not shown the points for HDF1, HDF2 or the Keck K band as these have very large error bars, and are consistent with the others at a high confidence level. That leaves only two surveys; CFRS and CNOC2. In the last case, the interpretation is a bit difficult as the results have been published only for galaxies brighter than a given absolute magnitude as defined for one particular cosmology. It is clear that the rate of evolution for these two surveys agrees with each other quite well, even though the amplitudes differ by a large factor.
Do the allowed values of Ω0 mean anything? We know from many studies thatḊ halo (z) ≤Ḋm(z). As we are using Ω0 (and Λ) to parameterize Dm(z), and the rate of evolution is slower for smaller Ω0, it follows that any value of Ω0 (and Λ) that gives a slower rate of evolution than the observed rate is ruled out. In this way we can put a lower limit on the density parameter Ω0. Best fit value for CFRS rules out Ω0 < 0.2 if Λ = 0. However, we cannot rule out any model as the error bars are very large and the 68% confidence limits include all cosmological models. The situation will improve as larger datasets become available and error bars shrink. To illustrate this, we have shown the same confidence limits for error bars that are 1/5 of the present ones. Error bars Allowed values for Ω 0 lie on the right-hand side of the diagram (e.g. Ω 0 > 0.2 for CFRS galaxies and Ω 0 > 0.16 for CNOC2 galaxies). See text for details.
in future surveys are expected to be much smaller. In order to constrain models with cosmological constant, it will be necessary to make use of observations at z < 0.5 as the growing mode for most flat models approaches the Einstein-deSitter value by z ≃ 1.
This test can be refined further by using a dataset that uses a limiting absolute magnitude. This takes away the Malmquist bias and we would be able to directly use the fact that halo clustering evolves at a slower rate than matter clustering.
Lastly, we would like to address the issue of evolution of bias. If we consider IRAS and APM galaxies to be representative of the range of galaxy types then it is clear from figure 1 that the simple model of test-particle bias works reasonably well up to z = 1.5. Curves anchored at APM and IRAS points define the range, within the error bars, where almost all the other points can be found. Beyond that, the failure of these curves to rise to the level of Lyman break galaxies suggests that this simple model of a given set of points moving with the cosmic flow is not good enough. The rise in this range z > 2 is anticipated by the curves for merging model even though it has little resemblance with any data set below that redshift. In summary, it is clear that bias increases as we go to higher redshifts and the rate of increase of bias also increases in the same direction. This is also seen in the analysis of the clustering of radio galaxies (e.g. Magliocchetti et al. 1998) ; in this case the mean redshift for the clustering measurements is about z ∼ 1. Even though the data cannot distinguish between constant bias (B0) models and models with bias linearly evolving with redshift (B1), it is clear that the clustering measurements obtained for the radio sample in such a redshift range are in conflict with the predictions obtained from the merging (B2) model.
CONCLUSIONS
Our main conclusions are summarised below:
• The amplitude of galaxy clustering shows a general trend of decreasing at redshifts z < 2 and increasing beyond that.
• The rate at which the observed amplitude decreases at low redshifts is slower than the linear rate of evolution for density perturbations in dark matter in most models. We present arguments which allow us to rule out all models for which this is not the case, i.e. the rate of evolution of galaxy clustering is faster than the linear rate. Present observations do not rule out any model but future observations will allow us to constrain the density parameter. We would like to emphasise that this test does not depend on any detailed modelling of galaxies/halos and so should provide a reliable constraint.
• Bias grows monotonically from the present epoch to high redshifts. The rate of growth also increases rapidly as we go towards higher redshifts.
• At low redshifts, test particle bias is a useful model that allows us to predict the evolution of bias for objects that are positively biased.
